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ABSTRACT
The delay in arrival times between high and low energy photons from cosmic sources can be used to test the violation of the Lorentz
invariance (LIV), predicted by some quantum gravity theories, and to constrain its characteristic energy scale EQG that is of the order
of the Planck energy. Gamma-ray bursts (GRBs) and blazars are ideal for this purpose thanks to their broad spectral energy distribution
and cosmological distances: at first order approximation, the constraints on EQG are proportional to the photon energy separation and
the distance of the source. However, the LIV tiny contribution to the total time delay can be dominated by intrinsic delays related to
the physics of the sources: long GRBs typically show a delay between high and low energy photons related to their spectral evolution
(spectral lag). Short GRBs have null intrinsic spectral lags and are therefore an ideal tool to measure any LIV effect. We considered
a sample of 15 short GRBs with known redshift observed by Swift and we estimate a limit on EQG & 1.5 × 1016 GeV. Our estimate
represents an improvement with respect to the limit obtained with a larger (double) sample of long GRBs and is more robust than the
estimates on single events because it accounts for the intrinsic delay in a statistical sense.
Key words. Gamma-ray burst: general
1. Introduction
A quantum theory of gravity is expected to reconcile the classical
theory of gravity and quantum physics. An unanimous quantum
theory of gravity does not, however, exist yet. In general such
theories predict the existence of a natural scale at which Ein-
stein’s classical theory breaks down. This is the quantum gravity
energy scale EQG, expected to be of the order of the Planck en-
ergy Ep =
√
(~c5)/G ∼ 1.22 × 1019 GeV. Some approaches to
quantum gravity predict a deformation of the dispersion law of
photons, (cp)2 = E2
[
1 + f (E/EQG)
]
, where p is the photon mo-
mentum and c is the velocity of light, that would lead to energy-
dependent velocities for massless particles (Amelino-Camelia
et al. 1998; Mattingly 2005). At smaller energies, a series ex-
pansion can be applicable, that at first order would lead to an
energy-dependent photon velocity v of the form:
v
c
≈
(
1 − ξ
E
EQG
)
, (1)
where ξ = ±1 is a sign ambiguity that can be fixed in a specific
quantum gravity theory. In what follows we assume that the sign
of the effect does not depend on the photon polarisation, that
is, the velocities of all photons of the same energy are either in-
creased or decreased by the same exact amount. The dependence
of ξ on the polarisation produces a frequency-dependent rotation
of the polarisation vector in linearly polarised light, known as
vacuum birefringence (Mattingly 2005).
⋆ E–mail:bernardini@lupm.in2p3.fr
An energy-dependent speed of photons would imply that two
photons emitted simultaneously with energies E1 and E2 travel-
ing a distance L accumulate a delay ∆tQG:
∆tQG ≈ ξ
(E2 − E1)
EQG
L
c
∼ 10−2
(
Ep
EQG
) (
E2 − E1
MeV
) (
L
Mpc
)
ms . (2)
There are two ways to magnify this delay in order to measure it:
i) to increase the separation between E1 and E2 and/or ii) search
for this effect in sources at cosmological distances.
Gamma-ray bursts (GRBs) are exquisite to this purpose: they
are observed at cosmological distances (up to redshift 9.2) and
their emission during the prompt phase can span several orders
of magnitude in energy. The bright short GRB 051221A has
been used to set a stringent constraint to EQG using Konus-Wind
data: EQG > 0.1 Ep (Rodríguez Martínez et al. 2006, see also
Rodríguez Martínez & Piran 2006 for a discussion about the
methodology). The Fermi gamma-ray telescope, with its broad
energy range (from few keV to several GeV), has enabled us to
test possible violations of the Lorentz invariance studying the de-
lays among different energy bands, maximising the energy dif-
ference. Abdo et al. (2009b) used the long GRB 08091C and
its highest energy detected photon (13.2 GeV) to estimate the
maximum delay (16.5 s after the trigger) and in turn to provide a
constrain: EQG > 0.1 Ep. For the short GRB 090510, the time de-
lay between the trigger time and the arrival time of one 31 GeV
photon was estimated to be 0.86 s. This led Abdo et al. (2009a)
to set a stringent limit on EQG > 1.2 Ep. Ghirlanda et al. (2010)
and Vasileiou et al. (2013) obtained even tighter constraints for
the same GRB with different assumptions (EQG > 6.7 Ep and
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EQG > 7.6 Ep, respectively). Figure 1 portrays the limits cur-
rently derived with GRBs and other extragalactic sources. Mea-
sures of GRB polarisation have been used to constrain the vac-
uum birefringence effect (Fan et al. 2007; Laurent et al. 2011;
Toma et al. 2012; Götz et al. 2013, 2014; Lin et al. 2016).
Bolmont et al. (2008) and Ellis et al. (2008) performed a sta-
tistical study on samples of long GRBs (L-GRBs) with redshift
detected by several instruments (HETE-2, BATSE and Swift),
deriving that the energy scale EQG > 2 × 1015 GeV and EQG >
9 × 1015 GeV, respectively (see Fig. 1). Though these limits are
less stringent than the ones obtained with single events, this sta-
tistical approach has the merit to help in disentangling the quan-
tum gravity effect from some intrinsic effects, as for example the
spectral lag.
A delay of high and low energy photons or spectral lag
is a well-known property of GRBs (Cheng et al. 1995; Norris
et al. 2000; Norris 2002; Gehrels et al. 2006; Schaefer 2007;
Hakkila et al. 2008; Arimoto et al. 2010; Ukwatta et al. 2010).
Short GRBs (S-GRBs) are consistent with negligible spectral lag
(Norris et al. 2001; Norris & Bonnell 2006; Bernardini et al.
2015), while L-GRBs have positive, null or negative lag (Uk-
watta et al. 2012; Bernardini et al. 2015). No clear physical mo-
tivation helps one in accounting for the spectral lag contribu-
tion in each single case (for possible interpretations of the spec-
tral lag see Dermer 1998; Kocevski & Liang 2003; Ryde 2005;
Peng et al. 2011; Salmonson 2000; Ioka & Nakamura 2001; Der-
mer 2004; Shen et al. 2005; Lu et al. 2006; Guiriec et al. 2010,
2013; Mochkovitch et al. 2016). Thus, when deriving the lim-
its for quantum gravity effects in specific GRBs, either long or
short, we cannot properly model the contribution of the intrinsic
spectral lag to estimate the possible delay induced by quantum
gravity effects alone (see however Vasileiou et al. 2013, who ac-
counted for the intrinsic spectral lag in a statistical sense in single
sources).
In this paper we have adopted a statistical approach as in Bol-
mont et al. (2008) and Ellis et al. (2008) to single out properly the
source contribution to the delay. At variance with previous stud-
ies, we considered the largest possible sample of S-GRBs ob-
served by the Swift/Burst Alert Telescope (BAT; Barthelmy et al.
2005). This sample provides three main advantages: i) the spec-
tral lag of S-GRBs is negligible; ii) the dispersion of the spectral
lag of S-GRBs is much smaller than for L-GRBs (Bernardini
et al. 2015); iii) the use of a single instrument reduces also the
possible systematics that arise when combining data from differ-
ent instruments (Ellis et al. 2008); iv) Swift/BAT enables us to
perform the analysis on the largest available sample of S-GRBs
with redshift.
In Section 2 we describe the sample selection and the
methodology used to derive the time delay. In Section 3 we detail
the derivation of the limit on the quantum gravity energy scale.
In Section 4 we discuss our results. Errors are given at 1σ con-
fidence level, unless otherwise stated. We used the cosmological
parameters based on full-mission Planck observations (Planck
Collaboration et al. 2016).
2. Sample selection and methodology
We selected the Swift GRBs classified as short by the BAT team
refined analysis, namely all the GRBs with T90 < 2 s and those
whose Swift/BAT light curve shows a short-duration peak fol-
lowed by a softer, long-lasting tail (the so-called extended emis-
sion, with T90 > 2 s). We also required that these GRBs have
a redshift measurement1. We excluded from our analysis GRB
090426 and GRB 100816A since D’Avanzo et al. (2014) con-
sidered them as possible L-GRBs (i.e. they likely have a collap-
sar progenitor, Zhang 2006; Bromberg et al. 2013). We ended
up with 21 S-GRBs with redshift. Most of these events and
their prompt emission properties are reported in D’Avanzo et al.
(2014).
In order to calculate the time delay ∆t between photons
of high and low energy, we exploited the same methodology
adopted in Bernardini et al. (2015) for the calculation of the
spectral lag, namely:
– we extracted mask-weighted, background-subtracted light
curves with the batmaskwtevt and batbinevt tasks in
FTOOLS for two fixed observer frame energy bands (ch1:
50 − 100 keV and ch2: 150 − 200 keV) within the energy
range of the BAT instrument (∼ [15 − 200] keV; Sakamoto
et al. 2011);
– we used the discrete cross-correlation function (CCF; Band
1997) to measure the temporal correlation of the two light
curves in ch1 and ch2. We calculated the CCF value for a
series of time delays over the entire light curve that are mul-
tiples of the time resolution of the light curves. The tempo-
ral delay of the photons is defined as the global maximum
of the CCF. For each GRB we tried different time resolu-
tions and we used the minimum one with a chance probabil-
ity < 10−3 of finding the corresponding CCFmax to discard
statistical fluctuations;
– to locate the global maximum, we fitted an asymmetric
Gaussian model to the CCF. This allows us to estimate lags
which can be a fraction of the time resolution of the light
curves extracted from the BAT data. The uncertainties on the
CCF and on the time delay have been derived by applying
a flux-randomisation method (Peterson et al. 1998), as de-
scribed in Bernardini et al. (2015).
We applied this procedure to the 21 short GRBs of our sample
and ended up with 15 short GRBs with a significative global
maximum in the CCF. These GRBs spaned a redshift range
z ∈ [0.36 − 2.2]. Six GRBs (GRB 050724, GRB 070724, GRB
080123, GRB 131004A, GRB 140903A and GRB 150120A)
have been discarded from our analysis because there were not
enough counts in one of the two energy bands to extract a signif-
icant value of the CCF for any choice of the temporal resolution.
The results of the analysis are reported in Table 1.
3. Limits to the quantum-gravity energy scale from
S-GRBs
The temporal delay between high and low energy photons can
be written as
∆t = τ + ∆tQG , (3)
where τ is the contribution to the delay intrinsic to the GRB (the
intrinsic spectral lag), while ∆tQG is the systematic delay induced
by the violation of Lorentz invariance. The second term corre-
sponds to the delay in arrival time of two photons with energy
difference ∆E in the observer frame, emitted simultaneously by
a cosmological source located at redshift z (see Jacob & Piran
2008 for a complete derivation of this formula):
∆tQG = H−1◦
∆E
EQG
∫ z
0
(1 + z′)dz′
h(z′)
, (4)
1 We excluded GRB 080905A whose redshift has been questioned in
D’Avanzo et al. (2014).
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Fig. 1. Current limits on the quantum gravity energy scale available in the literature from extragalactic sources: TeV blazars (red triangles: Mkn
421, Biller et al. 1999; Mkn 501, MAGIC Collaboration et al. 2008; PKS 2155-304, Aharonian et al. 2008; H.E.S.S. Collaboration et al. 2011),
single GRBs (magenta points: S-GRB 051221A, Rodríguez Martínez et al. 2006; L-GRB 080916C, Abdo et al. 2009b; S-GRB 090510, Abdo
et al. 2009a; Ghirlanda et al. 2010; Vasileiou et al. 2013; L-GRB 130427A, Amelino-Camelia et al. 2013) and samples of L-GRBs (blue squares,
Bolmont et al. 2008; Ellis et al. 2008), compared to the result obtained in the present work.
where H◦ is the Hubble expansion rate and h(z′) =√
ΩΛ + ΩM(1 + z′)3. For convenience, we rewrite Eq. 4 in terms
of the time delay measured in the source rest frame:
∆t
QG
rf =
∆tQG
(1 + z)
= H−1◦
∆E
EQG
[
1
(1 + z)
∫ z
0
(1 + z′)dz′
h(z′)
]
. (5)
Overall, the time delay can be written as a linear function:
∆trf = qs + mQGK(z) , (6)
where K(z) contains the dependence of the temporal delay upon
the distance (the quantity in square brackets in Eq. 5) and qs =
τ/(1 + z).
We computed for each S-GRB of our sample the correspond-
ing K(z) (see Table 1) and fitted to the data the model in Eq. 6 to
determine the coefficient mQG. The intercept qs = τrf represents
the contribution from the intrinsic spectral lag. The rest-frame
temporal delay as a function of K(z) is portrayed in Fig. 2. We
considered an extra-scatter σs that accounts for the dispersion of
the intrinsic spectral lag. Markov chain Monte Carlo techniques
are used in our calculations to derive the best-fitting parameters:
for each Markov chain, we generated 105 samples according to
the likelihood function2. Then we derived coefficients and confi-
2 In our analysis we used JAGS (Just Another Gibbs Sampler). It
is a programme for analysis of Bayesian hierarchical models using
dence interval according to the statistical results of the samples.
This yields: ∆trf = (0.95+3.70−3.55) ms +[(0.11
+1.54
−1.74) ms] K(z). The
intrinsic scatter is σs = (4.18+3.11−3.20) ms.
The coefficient mQG is consistent with it being zero within
1σ. This allows us to place a lower limit to the effective en-
ergy scale for the rising of the quantum-gravity effect, adopting
the same technique described above to derive the best-fitting pa-
rameters and considering as a prior that the energy is a positive
quantity: EQG > 1.48 × 1016 GeV (95% c.l.).
4. Discussion and conclusions
The systematic analysis of the temporal lag for S-GRBs ob-
served by Swift allowed us to derive a lower limit for the effective
energy scale for the onset of the quantum-gravity delay. Our re-
sult is more stringent than those obtained with larger samples of
L-GRBs, and is more robust than the estimates on single events
because:
– the physical origin of the intrinsic spectral lag is still unclear,
and it is not possible to predict theoretically its value for spe-
cific events. Furthermore, the intrinsic lag may be negligi-
ble, positive or negative without any apparent relation with
Markov chain Monte Carlo simulation. More information can be found:
http://mcmc-jags.sourceforge.net/
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Fig. 2. Temporal delay ∆trf as a function of the distance term K(z) for the 15 S-GRBs of our sample. The black line marks the best fit: ∆trf/ms=
0.95 + 0.11 K(z). The redshift scale is reported in the upper axis.
Table 1. Spectral lags for the 15 S-GRBs of our samples. GRB name, redshift (z), distance term K(z), temporal resolution (bin), left (tl), and
right (tr) boundaries of the time interval over which the spectral lag is computed, spectral lag in the observer frame (τ), left (σl) and right (σr)
uncertainties.
GRB name z K(z) bin (ms) tl (s) tr (s) τ (ms) σl (ms) σr (ms)
051210 1.30∗a 0.63 64 −0.5 1.8 505.87 197.59 237.40
051221A 0.55a 0.39 8 −0.3 0.5 2.01 12.37 13.06
060801 1.13a 0.59 128 0.0 3.0 −189.38 249.96 275.24
061006 0.44a 0.33 32 −22.9 −22.2 4.19 27.10 29.53
070714B 0.92a 0.53 32 −1.0 2.0 37.36 22.46 21.19
071227 0.38a 0.30 256 −1.2 2.2 −183.03 471.46 439.03
090510 0.90a 0.53 16 −0.2 0.5 −3.71 9.11 9.23
100117A 0.92a 0.53 128 −1.0 0.8 108.64 91.63 97.54
100625A 0.45a 0.34 32 −0.2 0.5 −50.47 64.53 56.21
101219A 0.72a 0.46 64 −0.5 1.0 −15.56 111.80 88.36
111117A 2.20b 0.74 16 −0.5 1.0 0.56 12.53 12.54
120804A 1.30∗a 0.63 32 −1.0 1.0 127.54 79.54 80.64
130603B 0.36a 0.28 8 −0.3 0.3 1.65 9.65 11.40
150423A 1.39c 0.65 16 −0.1 0.5 −1.32 13.64 13.50
160410A 1.72d 0.70 128 −1.0 2.0 145.06 264.46 237.85
∗ photometric redshift
a D’Avanzo et al. (2014)
b Selsing et al. (2017)
c Malesani et al. (2015)
d Selsing et al. (2016)
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the GRB properties (Ukwatta et al. 2012; Bernardini et al.
2015), thus it is hard to disentangle its contribution from
the purely quantum-gravity delay of photons. Vasileiou et al.
(2013) made an attempt to account for intrinsic effects on
single bright GRBs observed at GeV energies, finding strong
constraints (EQG > 1.8 Ep on S-GRB 090510). However, us-
ing a sample of GRBs characterised by a short single event
is the best way to account for the intrinsic lag in a statistical
sense (see also Bolmont et al. 2008 and Ellis et al. 2008);
– S-GRBs have intrinsic lag consistent with zero, with much
smaller dispersion compared to L-GRBs (Bernardini et al.
2015). Thus, using S-GRBs we reduce the uncertainties
about the intrinsic lag and its scatter, allowing us to de-
rive more robust constraints than in similar analysis with L-
GRBs, though the sample is limited in number. Adding L-
GRBs with negligible intrinsic lag would not improve our
estimates because though the two samples are likely drawn
from the same population; 3 (Bernardini et al. 2015), the dis-
persion for L-GRBs with null lag is much larger (σL−GRBs =
(110 ± 32) ms). The selection of events observed by a single
instrument reduces also the possible systematics that arise
when combining data from different instruments (Ellis et al.
2008);
– the intrinsic spectral lag within a single GRB may evolve
with time, and the time-integrated quantity parametrised by
qs is only an ‘average’ (in a non-statistical sense) represen-
tation of it. Uncertainties much larger than the temporal res-
olution of the light curves on the lag may be related to the
convolution of multiple peaks in the CCF that spread the ab-
solute maximum (Bernardini et al. 2015). This effect is much
more relevant for L-GRBs than for S-GRBs;
– S-GRBs have usually lower redshifts than long GRBs (see
e.g. D’Avanzo et al. 2014). The average redshift for L-GRBs
is ∼ 1.8, Salvaterra et al. 2012, extending up to z ∼ 9, Cuc-
chiara et al. 2011). However, the term K(z) weakly increases
for large redshifts (∼ 10% when passing from redshift 2
to redshift 4). Therefore, the low redshift range covered by
short GRBs does not disfavour their use to probe LIV.
To evaluate if the present result is strongly dependent on the
size of the sample considered, we performed a Monte Carlo sim-
ulation to evaluate how the constraint improves with the sam-
ple size. Starting from our 15 S-GRBs, we added S-GRBs ex-
tracted randomly from the population synthesis code for S-GRBs
(Ghirlanda et al. 2016), generating an hybrid sample of 15 + 45
S-GRBs. We assigned to each synthetic S-GRBs a lag randomly
extracted from the distribution of the 15 real events. The error
on the lag depends on the binning size that, in turn, is chosen
to have an appropriate signal to noise ratio for the lag computa-
tion. This implies that the smaller errors are for brighter bursts.
For this reason, the errors on the lags are estimated from an em-
pirical relation with the peak flux derived for the GRBs of our
sample (Log[σlag/ms] = 2.5 − 0.9Log[ fpk/(ph/cm2/s)]). This
sample has been analysed with the same procedure described
above deriving a limit on EQG. This Monte Carlo procedure has
been repeated 105 times averaging the corresponding EQG esti-
mate. We obtained an improvement of at most a factor of two in
the estimate of EQG.
3 We caution, however, that the samples in Bernardini et al. (2015) are
analysed in two fixed rest-frame energy bands different from ch1 and
ch2 adopted in the present work. Being the spectral lag dependent upon
the energy bands adopted, these figures might be slightly modified when
calculated for ch1 and ch2.
Independently of sample size, a sample of events with a
widest redshift range can provide better constraints on the EQG
value (see Eq. 2). The sample considered in this paper extends
up to z = 2.2 (Selsing et al. 2017). Based on the S-GRB redshift
distribution reported in D’Avanzo et al. (2014) and Ghirlanda
et al. (2016), we expect 5% − 30% of the Swift S-GRB to have
z > 2. Considering the Swift S-GRB detection rate (∼ 8 yr−1) and
the efficiency in measuring their redshift (almost 3/4 of the Swift
S-GRB is missing a secure redshift measurement), this translates
into about one to six events with measured z > 2 over ten further
years of Swift activity.
In light of the above considerations, better perspectives to
derive more stringent limits with S-GRBs, with all the advan-
tages described above, could rely on the extension of the calcu-
lation of the time delay to higher energies, exploiting the GRB
broad spectral energy distribution. The method proposed in this
paper applied to GeV photons (i.e. a factor 104 in the (E2 − E1)
term of Eq. 2) would give a substantial improvement in the con-
straint. However, there is only one S-GRBs with known redshift
and GeV detection by Fermi/LAT (GRB 090510).
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